Nuclear transparency, Tp(A), is a measure of the average probability for a struck proton to escape the nucleus without significant re-interaction. Previously, nuclear transparencies were extracted for quasi-elastic A(e, e ′ p) knockout of protons with momentum below the Fermi momentum, where the spectral functions are well known. In this paper we extract a novel observable, the transparency ratio, Tp(A)/Tp( 12 C), for knockout of high-missing-momentum protons from the breakup of short range correlated pairs (2N -SRC) in Al, Fe and Pb nuclei relative to C. The ratios were measured at momentum transfer Q 2 ≥ 1.5 (GeV/c) 2 and xB ≥ 1.2 where the reaction is expected to be dominated by electron scattering from 2N -SRC. The transparency ratios of the knocked-out protons coming from 2N -SRC breakup are 20 − 30% lower than those of previous results for low missing momentum. They agree with Glauber calculations and agree with renormalization of the previously published transparencies as proposed by recent theoretical investigations. The new transparencies scale as A −1/3 , which is consistent with dominance of scattering from nucleons at the nuclear surface.
Nuclear transparency, T (A), is defined as the ratio of the cross section per nucleon for a process on a bound nucleon in the nucleus to that from a free nucleon. Conventionally, for protons, T p (A) has been extracted as the ratio of the measured A(e, e ′ p) quasi-elastic (QE) cross section to the calculated Plane-Wave Impulse Approximation (PWIA) cross section, which does not include Final State Interactions (FSI). The experimental cross sections are typically integrated over proton missing momenta below the Fermi momentum (|P miss | ≤ k F ≈ 250 MeV/c), and missing energy, E miss , below 80 MeV corresponding to knockout of mean-field protons [1] [2] [3] [4] . ( P miss = q − P p and E miss = ω − T p , where q and ω are the momentum and energy transfer of the virtual photon and P p and T p are the momentum and kinetic energy of the outgoing proton, respectively.) For a recent review, see [5] .
Two-nucleon short-range correlations (2N-SRC) are pairs of nucleons with high momentum ( p 1 , p 2 ) that balance each other. The pair has high relative momentum ( p rel = p1− p2
2 ) and low center of mass momentum ( p c.m. = p 1 + p 2 ), where high and low is relative to the Fermi momentum. 2N -SRC consist mainly of neutronproton pairs and dominate the tail (|P | ≥ k F ) of the nuclear momentum distribution for all nuclei [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
For the extraction of nuclear transparency from the A(e, e ′ p) quasi-elastic data, the 2N -SRC are an obstacle since they remove a fraction of the single-particle [17, 18] . This is believed to be the main reason for the discrepancy between the measured T p (A) transparencies and calculations using the Glauber approximation to describe the FSI of the outgoing struck proton with the residual nucleus [17, 18] .
In this paper we avoid the necessity of using hybrid measured-to-calculated ratios and bypass the uncertainty due to the 2N -SRC correction factors. We present the transparency ratios of T p (A)/T p ( 12 C), where A stands for 27 Al, 56 Fe, and 208 Pb. These ratios are determined for high missing momentum protons knocked out from the breakup of two-nucleon short-range correlated pairs.
The data presented here were collected as part of the EG2 run period that took place in 2004 in Hall B of the Thomas Jefferson National Accelerator Facility (Jefferson Lab), using a 5.014 GeV unpolarized electron beam and the CEBAF Large Acceptance Spectrometer (CLAS) [19] . The analysis was carried out as part of the Jefferson Lab Hall B Data-Mining project [20] .
CLAS uses a toroidal magnetic field (with electrons bending towards the beam line) and six independent sets of drift chambers, time-of-flight (TOF) scintillation counters, Cherenkov counters (CC), and electromagnetic calorimeters (EC) for charged particle identification and trajectory reconstruction. The polar angular acceptance is 8
• < θ < 140
• and the azimuthal angular acceptance is 50% at small polar angles, increasing to 80% at larger polar angles.
We identified electrons and rejected pions by requiring that negative particles produced more than 2.5 photoelectrons in the Cherenkov counter. Additional electron/pion separation was achieved by demanding a correlation between the energy deposited in the inner and outer parts of the EC divided by the momentum of the particle [19] . The total energy deposited by electrons in the calorimeter was closely correlated with the electron momentum over the full momentum range. This indicates the electrons are identified cleanly. We applied fiducial cuts on the angle and momentum of the electrons to avoid regions with steeply varying acceptance close to the magnetic coils of CLAS.
Protons in CLAS were identified by requiring that the difference between the measured time-of-flight of positively charged particles and that calculated from their measured momentum and the proton mass be less than two standard deviations. This cut clearly separates protons from pions/kaons up to p = 2.8 GeV/c. Due to statistical limitations, we only show data for protons up to 2.4 GeV/c. The kinetic energy of the incoming electron and emerging electron and proton were corrected event-by-event for coulomb distortions using the Effective Momentum Approximation (EMA) [21] . Following [13] we assume an effective electric potential equal to 75% of the potential produced by unscreened Z charges at the nucleus center. This amounts to a 3, 5, 10 and 20 MeV correction for 12 C, 27 Al, 56 Fe and 208 Pb, respectively. The EG2 run period used a specially designed target setup, consisting of an approximately 2-cm LD 2 cryotarget followed by one of six independently-insertable solid targets ranging in thickness from 0.16 to 0.38 g/cm 2 (thin and thick Al, Sn, C, Fe, and Pb, all in natural isotopic
abundance) [22] . The LD 2 target cell and the solid targets were separated by about 4 cm. We selected events with particles scattering from the solid targets by reconstructing the intersections of their trajectories with the beam line. The vertex reconstruction resolution for both electrons and protons was sufficient to unambiguously separate particles originating in the cryotarget and the solid target. Cross section ratios for scattering off the solid targets are defined as the yield ratio, normalised according to the number of scatterers in the target and the integrated luminosity accumulated for each target during the experiment. Because all solid targets were located at the same location along the beam line and because the A(e, e ′ p) missing energy and missing momentum distributions for the different targets were similar, the detector acceptance effects on the ratios of yields from different solid targets are negligible in comparison to our statistical and other systematics uncertainties.
To identify semi-exclusive A(e, e ′ p) events dominated by scattering off 2N -SRC pairs, one must choose kinematics in which competing processes are suppressed. Table I lists the cuts applied and the ranges over which those cuts were varied to determine the systematic uncertainty. Q 2 and ω are the four-momentum and energy transfer of the virtual photon, x B = Q 2 2mN ω is the Bjorken scaling variable, and m N is the nucleon mass. P miss = q − P p is the missing momentum which, in the Plane-Wave Impulse Approximation (PWIA), equals the initial momentum of the proton before it absorbed the virtual photon. m miss is the reconstructed missing mass for the (e, e ′ p)X reaction assuming scattering off a stationary nucleon pair. θ pq is the angle between the outgoing proton and the virtual photon in the lab frame.
The cut on x B is lower than used in inclusive scattering, but the additional cut on P miss ensures the selection of events dominated by scattering off 2N -SRC pairs, as shown by previous experiments [6, 7] . The cut on m miss MeV/c and 600 ± 25 MeV/c variations are presented. ** Both leading proton cuts were varied together as shown by the dashed squares in Fig 1. suppresses the contribution of ∆ excitations and meson production. The cuts on | P p |/| q| and θ pq select the struck leading proton (see Fig. 1 ). At most one proton per event passed these cuts, even for events with more than one detected proton. These cuts combined with the CLAS acceptance result in a momentum transfer distribution that ranges from approximately 1.5 to 3.5 (GeV/c) 2 (see Fig. 2 ).
At these kinematics (Q 2 > 1.5 (GeV/c) 2 , x B > 1.2, and missing momentum 300 ≤ P miss ≤ 600 MeV/c) the nucleon momentum distribution for any given nucleus scales as the number of 2N -SRC pairs in that nucleus times a common momentum distribution. This interpretation is strongly supported by both experimental [6] [7] [8] [9] [10] [11] [12] [13] and theoretical investigations [14] [15] [16] . The A(e, e ′ p) cross section in the Plane Wave Impulse Approximation (PWIA) equals a kinematic factor times the elementary electron-proton elastic cross section times the probability of finding a proton at that missing energy and missing momentum. Under these assumptions, the PWIA cross section ratio for scattering off high-momentum protons from two different nuclei will equal the ratio of the number of pN -SRC pairs in the two nuclei (since the other factors all cancel in the ratio). Since the PWIA cross section does not include the effects of nucleon rescattering as they exit the nucleus, we therefore define the proton transparency ratio of any two nuclei in this kinematical regime as the ratio of their measured cross sections scaled by the product of the number of pN -SRC pairs:
where σ A(e,e ′ p) is the measured quasi-elastic scattering cross section for nucleus A, and N Under minimal assumptions (see Appendix for details), this simplifies to
where a 2 (A 1 /A 2 ) is the relative number of 2N -SRC pairs per nucleon in nuclei A 1 and A 2 . This is exact for isospin symmetric nuclei and should be valid to better than 5% even for asymmetric nuclei such as lead. The ratios a 2 (A 1 /A 2 ) are taken from a compilation of world data on (e, e ′ ) cross section ratios at large Q 2 and x B > 1 including different theoretical corrections [24] . The values used are: a 2 ( 27 Al/ 12 C) = a 2 ( 56 Fe/ 12 C) = 1.100 ± 0.055 and a 2 ( 208 Pb/ 12 C) = 1.080 ± 0.054. These values are the average of the high precision data of [13] , with three different sets of theoretical corrections as presented in Table  I , columns 4 − 6 of Ref. [24] . Notice that the corrections due to the center-of-mass motion of the pair, and their uncertainties, are relevant for the ratios to deuterium and are negligible in the ratio of A/ 12 C. To be conservative, the uncertainty of a 2 (A 1 /A 2 ) was taken to be that of column 6 of Ref. [24] .
The transparency ratios of protons from 2N -SRC pairs for 27 Al, 56 Fe, and 208 Pb relative to 12 C, as extracted from the semi-inclusive A(e, e ′ p) cross sections in SRCdominated kinematics (x B ≥ 1.2, Q 2 ≥ 1.5 (GeV/c) 2 , and P miss ≥ 0.3 GeV/c), using Eq. 2, are shown in Fig. 3 as a function of the outgoing proton momentum (which should determine the probability for re-interacting). The errors shown are statistical only. The A(e, e ′ p) cross section ratios were corrected for radiative effects [25] in the same way as was done in [11, 12] . The radiative correction to the transparency ratios was found to equal ≈ 7% for all ratios, with a negligible contribution to the total systematic uncertainty. The extracted transparency ratios are independent of the proton momentum for 1.0 ≤ P p ≤ 2.4 GeV/c for each of the three nuclei. The average proton transparency, T p (A/C), equals 0.776 ± 0.019 ± 0.043 for Al, 0.579 ± 0.010 ± 0.036 for Fe and 0.385 ± 0.010 ± 0.034 for Pb. The first uncertainty is statistical and the second is systematic. The systematic uncertainty includes the uncertainty in a 2 (A 1 /A 2 ) (5%), the sensitivity to cuts (see table I), and the uncertainty of 5% in the np-dominance assumption for the 208 Pb/ 12 C case. The uncertainty on the integrated luminosity is negligible. The systematic uncertainty is independent of the proton momentum.
These transparency ratios indicate that a highmomentum proton from an SRC pair in iron is only about 60% as likely to escape the nucleus as a similar proton in carbon. This probability ratio for lead is 40%. These ratios are 20-30% lower than the corresponding published ratios for mean-field protons [1] [2] [3] [4] . Recent theoretical studies [17, 18] claim that the published mean-field proton transparencies are too high because the PWIA calculations incorrectly included a correction factor that overestimated the effect of 2N -SRC and therefore underestimated the number of available mean-field protons. This same conclusion was reached from transport calculations [26] . Our measured proton transparency ratios support this claim.
Following [1] [2] [3] [4] , the A-dependence of the measured transparency ratios was studied by fitting it to The results from Ref. [1, 3] and also [4] in the bottom panel are for Au rather than Pb. Over the momentum range covered by this experiment, the transparency ratios of protons from 2N -SRC are lower than those of mean-field protons by 20 − 30%. Glauber calculations are shown as dashed lines [23] and dash-dotted lines [5, 18] . For figure clarity we omitted the world data for mean-field transparencies without the SRC renormalisation which can be found in [5] .
(see Fig. 4 ). Our extracted value of α = −0.34 ± 0.02 is considerably lower than the average mean-field value of α = −0.22±0.01 [4] and is consistent with the Glauber result of α = −0.322 ± 0.007. The observation of α ≈ −1/3 is consistent with the T (A) ∝ 1/r attenuation expectation of Ref. [17] , where r is the nuclear radius, indicating that the reaction is dominated by scattering off the nuclear surface.
In summary, we measured semi-inclusive A(e, e ′ p) cross section ratios for 27 Al, 56 Fe and 208 Pb nuclei relative to 12 C at Q 2 ≥ 1.5 GeV/c 2 , x B ≥ 1.2 and 300 ≤ P miss ≤ 600 MeV/c where knockout of protons from 2N -SRC should dominate. We used these cross section ratios to extract the transparency ratios for protons from the 2N -SRC breakup. The proton transparency ratios are independent of proton momentum and are 20 − 30% lower than the transparency ratios of mean-field proton knockout. This difference is consistent with the proposed renormalisation of the mean-field transparencies to properly account for the effects of correlated nucleons [17, 18] . See Ref. [5] for a comparison of the Glauber calculations to the data, with and without the SRC correction factors.
The A-dependence of our measured transparency ratios are steeper than that of mean-field protons [4] and consistent with Glauber calculations. This A-dependence is consistent with a simple picture of proton knockout from the nuclear surface, i.e., that protons knocked out from the nuclear volume rescatter. 
I. APPENDIX
Inclusive A(e, e ′ ) scattering cross section ratios for nuclei A relative to deuterium at Q 2 > 1.5 (GeV/c) 2 are independent of x B (scale) for 1.5 ≤ x B ≤ 1.9 [10] [11] [12] [13] . The scaling factor (the value of this cross section ratio), denoted as a 2 (A/d), is typically interpreted as a measure of the number of 2N -SRC pairs per nucleon in nucleus A relative to d [14] [15] [16] . When we take the ratio of a 2 (A 1 /d) and a 2 (A 2 /d), this gives us a 2 (A 1 /A 2 ) , the relative number of 2N -SRC pairs per-nucleon in nuclei A 1 and A 2 . In this Appendix we will relate this measured quantity to the values N A1 N p used in Eq. 1. In this kinematic region we can assume that the electron scattering cross section from the nucleus is approximately equal to the incoherent sum of electron scattering from the constituent nucleons and therefore is proportional to the number of nucleons times the electronnucleon cross section. Since at x B ≥ 1.5, inclusive electron scattering from nuclei is only sensitive to highmomentum nucleons, this gives: For isospin symmetric nuclei, we can assume that N nn = N pp and therefore Eq. 3 simplifies to: , which can be inserted directly in Eq. 1.
Even for non-isospin symmetric nuclei Eq. 4 is reasonably accurate because there are about 20 times more np-SRC than pp-or nn-SRC pairs (N np ≈ 20×N pp , N nn ) [6] [7] [8] [9] . If we use the measured value of N np /N pp = 18 ± 3 [7] and assume that N Pb nn /N Pb pp = 126 2 /82 2 = 2.5, then Eq. 4 is valid to about 5%.
Therefore we can rewrite Eq. 1 as
This is exact for isospin symmetric nuclei and should be valid to better than 5% even for asymmetric nuclei such as lead.
